The Concussion Resolution Index (CRI) is an online assessment tool designed to track resolution of symptoms following sports-related concussion. The CRI is composed of six subtests measuring reaction time, visual recognition, and speed of information processing. Three factors are derived from the subtests: Simple Reaction Time (SRT), Complex Reaction Time (CRT), and Processing Speed (PS). Multiple alternate forms within subtests afford simple, reliable, assessment of change, relative to a baseline test completed by an athlete. The test also assesses self-reported neurophysiological symptoms at the time of injury and tracks resolution of these symptoms. The data demonstrate the CRI is a valid and reliable measure of cognitive performance in a relatively heterogeneous group of athletes aged 13-35. Two methods of statistical analysis for assessing change from baseline were compared to establish a psychometric basis for return-to-play decision-making: the Reliable Change Index (RCI) and multiple regression. Multiple regression was more accurate than the RCI in determining a decline in performance relative to the baseline.
Background
Starting with Torg (1982) , the development of return-to-play guidelines following a suspected concussion has been a primary area of research in sports-related head injury. While experts have disagreed on specific recommendations regarding assessment of severity and return-to-play parameters, they have generally agreed that athletes should not be exposed to contact until all concussive symptoms have resolved. Return to play following an initial concussion has been associated with an increased risk of chronic postconcussion symptoms and postconcussion syndrome, subsequent concussion, and second impact syndrome-a rare catastrophic brain injury with high morbidity (Cantu, 1996; Matser, Kessels, Jordan, Lezak, & Troost, 1998; Zemper, 1994) .
Return-to-play guidelines generally focus on the assessment of general mental status and neurophysiologic symptoms. Decisions are based on the presence or absence of these symptoms along with sustained loss of consciousness and/or persistent anterograde amnesia, which are considered indicators of greater severity (e.g., Jordan, 1994) . Beginning with Barth et al. (1989) and Macciocchi, Barth, Alves, Rimel, and Jane (1996) , research has been directed toward detecting and monitoring the resolution of cognitive deficits in attention, memory, and speed of information processing due to concussive injury. These cognitive symptoms are best identified and tracked by the use of neuropsychological measures, which are the most sensitive indicators of the effects of mild head injury (Erlanger, Kutner, Barth, & Barnes, 1999) .
A number of cognitive functions are susceptible to compromise as a result of sports-related concussion. Typically encountered are decreases in psychomotor speed (Barth et al., 1989; Echemendia, Putukian, Mackin, Julian, & Shoss, 2001; Hinton-Bayre, Geffen, Geffen, & McFarland, 1997; Hinton-Bayre, Geffen, Geffen, McFarland, & Friis, 1999) , attention/working memory (Barth et al., 1989; Echemendia et al., 2001) , speeded decision-making (Hinton-Bayre et al., 1999) , reaction time (Hinton-Bayre et al., 1999; Maddocks & Sailing, 1996) , and memory (Echemendia et al., 2001; Lovell & Collins, 1998) . Barth et al. (1989) hypothesized that an underlying decrease in speed of information processing could account for the range of affected cognitive functions.
The measurement of change in cognitive symptoms among athletes is best accomplished by collecting preseason baseline neuropsychological data for comparative purposes. Scores obtained on postconcussion follow-up tests can then be assessed for evidence of significant declines, and recovery to baseline levels of functioning tracked (Hinton-Bayre et al., 1997 . A significant problem posed by this method, though, is the time-consuming collection of individual athlete data at preseason and the need for trained personnel to administer tests. A 30-min screening exam for a football team comprised of 40 athletes, for example, would require a minimum of 20 h of professional and technical time testing in multiple private rooms with trained test administrators. In the event of a team member concussion, tests must then be scored, compared to an appropriate normative sample to yield an appropriate context, and interpreted in a timely manner. The large specialized staff required to accomplish such tasks has limited the use of neuropsychological screening tests primarily to professional sports teams and leagues (such as the NHL) and a few. colleges with large pools of staff trained in neuropsychological assessment.
Because of cost and time constraints, brief "screening" batteries-requiring only about 30 min-are typically implemented by such sports organizations. Lovell and Collins (1998) emphasized the need for care in selecting measures for this brief approach. They suggested using short batteries composed of tests that specifically assess aspects of cognitive functioning likely to be affected by concussion. They further emphasized that such tests should be thoroughly researched with regard to test characteristics such as reliability and validity, and they noted a concern with the instability of many neuropsychological tests across serial administrations. They cited a paucity of studies addressing these psychometric properties as one of the factors that has limited the adoption of a uniform assessment protocol.
Problems associated with test-retest phenomena such as practice effects, regression to the mean, and test-retest reliability are major obstacles in the use of traditional neuropsychological tests for monitoring resolution of postconcussion cognitive symptoms using a baseline model. Significant practice effects have been documented among standard tools for assessment of sports-related concussion, including the Paced Auditory Serial Addition Test, Stroop Color and Word (STP-C and STP-W), and Trail Making A and B (TMT-A and TMT-B, respectively) (Spreen & Strauss, 1998) . There is further evidence that practice effects vary across tests, across test-retest interval, and across subject characteristics (Heaton et al., 2001 ). Alternate forms have been shown to mitigate test-retest phenomena such as practice effects, however they are not available for the majority of neuropsychological tests administered for assessment of sports-related concussion.
In an attempt to minimize error due to retest effects, Hinton-Bayre et al. (1999) constructed a study using the Reliable Change Index (RCI) with two parts. First, they collected baseline data twice, using an athlete's best score as an indication of optimal performance, regardless of whether such score was obtained on the first or second test administration. Second, they developed multiple alternate forms for certain tests. These parameters, in combination with a P < .05 threshold for significant changes in scores, resulted in successful detection of decreased cognitive efficiency in 11 of 13 (85%) athletes tested between 1 and 3 days postconcussion. Obvious drawbacks to this methodology are (1) the time, cost, and scheduling difficulties of multiple baseline assessments and (2) an artificially high number of false-positive results due to regression to the mean when an optimal baseline is used. That is, performance on a given test by an athlete with an above average baseline would be more likely to be described as having deteriorated following an injury when, in fact, the decline in performance might be due to regression to the mean. In such a scenario, it is possible that even an uninjured athlete might have difficulty "returning" to baseline level performance.
With respect to test-retest reliability, few reports are available for tests utilized in sports concussion assessment with a suitable normative group. One study by Echemendia, Lovell, Collins, and Prigatano (1999) reported test-retest reliabilities for the following commonly used tests in a study of sports-related concussion: Controlled Oral Word Association Tests, r 12 = .77; Symbol Digit Modalities Test (SDMT), r 12 = .70; TMT-A, r 12 = .43; TMT-B, r 12 = .54; VIGIL 1, r 12 = .49; Digit Span (DSp), r 12 = .52. Barr and McCrea (2001) reported a test-retest reliability of .55 for a 60-day interval for the Standardized Assessment of Concussion (SAC; McCrea, Kelly, & Randolph, 1997) . Although the general assessment literature (Sattler, 1988 ) considers a reliability coefficient of .80 as acceptable, Heaton et al. (2001) investigators described reliability estimates from .70 to the low .90s as "generally good" (p. 77).
The validity of using traditional measures with concussed, but otherwise relatively healthy, young athletes is also unclear. Head injuries in sports are typically mild and, as mentioned above, cognitive changes following concussion can be subtle. Many traditional paper-andpencil tests were not designed to detect these mild decreases in functioning. Bleiberg, Halpern, Reeves, and Daniel (1998) have pointed to accumulating evidence that subtle changes in reaction time-differences of a tenth of a second or less-persist following concussion and can reliably discriminate between concussed and nonconcussed individuals. While discriminations of such changes is beyond the measurement capacity of traditional clinical neuropsychological tests, they are readily detected using computerized assessment protocols.
Recently, computerized reaction-time tests have been employed with athletes to assess the effects of mild brain injury in sports-related concussion. Australian football players evidenced persistent reaction time deficits 1 year postconcussion on a computer test of visual attention (Cremona-Meteyard & Geffen, 1994) . In another investigation, a four-choice Reaction Time test was found to be sensitive to persistent neuropsychological deficits even though neurological and neurobehavioral symptoms had resolved (Maddocks & Sailing, 1996) . Still in research trials, other current methods of computer baseline testing with athletes include MicroCog (Kutner, Warren, & Barnes, 1997) , ANAM (Bleiberg et al., 1998) , and VIGIL (Echemendia et al., 2001) . The success of initial research in this area has sparked increasing calls for the development of computerized neuropsychological procedures designed to assist in the management of sports-related concussion (Hinton-Bayre et al., 1999; Lovell & Collins, 1998) .
Accordingly, we developed a computerized battery of tests to meet the following criteria:
1. the test battery would not exceed 25-30 min in length; 2. tests would be developed and clinically validated to be optimally sensitive to sportsrelated concussion; 3. tests would have alternate forms to afford serial assessment; 4. test instructions and scoring parameters would incorporate criterion teaching to reduce error; 5. norms would be collected across multiple test administrations to allow for accurate analysis and interpretation of retest scores; 6. testing software would work on a variety of computer operating systems (Mac-or PC-based); 7. assessments would be web-based, allowing for group baseline testing and quick postconcussion follow-up; 8. immediate statistical analysis of scores would provide timely results for use in return-toplay decision-making.
The Concussion Resolution Index (CRI)
The CRI consists of six cognitive subtests, each designed to minimize error due to an individual's level of experience with a computer by requiring use of only the spacebar, backspace, and number keys for responses; the additional number keypad, as found on some keyboards, is disabled from the test response mechanism. In order to minimize error due to an individual's language skills, all subtest stimuli are nonverbal. These steps were taken to minimize effects of confounding variables such as learning disabilities, which have been reported to be more prevalent among college athletes . Total administration time is 25-30 min.
The CRI subtests are constructed to assess cognitive functions typically associated with sports-related concussion. According to Barth et al. (1989) , a reduction in speed of information processing may account for decreases in test performance across a range of cognitive functions such as reaction time, psychomotor speed, and memory. Indeed, studies show that concussed athletes may demonstrate impaired tests of memory and/or psychomotor speed and/or reaction time (e.g., Echemendia et al., 2001 ). The CRI subtests were therefore designed to measure: (1) Simple Reaction Time (SRT, i.e., speed of motor response to a visual cue), (2) Complex Reaction Time (CRT, i.e., speed of decision-making), and (3) visual scanning/psychomotor speed.
SRT has been shown to be sensitive to sports-related concussion in Maddocks and Sailing's (1996) study, in which a group of concussed athletes had slower reaction times for initiation of movement on a computerized task compared to a control group. The CRI, therefore, includes a test of speed of response to a simple stimulus as well as a test of speed of response to a stimulus following a cue. Hinton-Bayre et al. (1999) found that the Silly Sentences Test (Baddeley, Emslie, & Nimmo-Smith, 1992) was the most sensitive measure to sports-related concussion out of a brief battery of tests. This test requires respondents to rapidly discriminate sensible from silly statements. The CRI sought to measure a similar construct by requiring respondents to discriminate familiar from novel visual stimuli as rapidly as possible. Scanning tests, such as SDMT (Smith, 1973) and TMT-B, have been shown to be sensitive to sports-related concussion by Barth et al. (1989) and Hinton-Bayre et al. (1999) . The CRI sought to measure this by means of a coding task subtest and a scanning task subtest.
In an initial development phase, it was determined that alternate forms would not be required for the reaction time subtests because of negligible practice effects. Similarly, using only two alternate forms for each of the CRT subtests was found to mitigate practice effects. For the coding task and scanning task subtests, significant practice effects were identified and were reduced by the addition of six alternate forms. All alternate forms were administered in a fixed order so that a test's reliability reflects the alternate form reliability if such is available.
Statistical models for comparing baseline and retest scores
Neuropsychologists have been urged to "conservatively" interpret any decrease on an athlete's retest as evidence of an ongoing concussion (Lovell & Collins, 1998) . Up to the present, two methods have commonly been used to evaluate a test profile for deficits: (1) standardizing and interpreting a postconcussion follow-up test as if it were a first administration or (2) comparing an athlete's follow-up test results using normative data to his or her baseline according to absolute values. Of these methods, however, neither is conservative nor entirely accurate. By examining postconcussion test scores in isolation, significant-albeit relatively subtle-changes from base-line will be missed, particularly if the athlete is above average on a processing speed (PS) or reaction time test (CRT or SRT). Examining absolute values disregards the test-retest phenomena of practice effects and regression to the mean and risks more false-negative diagnoses. The approach also fails to account for retest reliability.
Recently, Heaton et al. (2001) and Temkin, Heaton, Grant, and Dikmen (1999) have compared the use of a number of statistical techniques for longitudinal analysis of repeated neuropsychological test performances. In their analyses of normative subjects they concluded that use of the RCI, adjusted for practice effects (RCIp), and multiple linear regression (REG) were preferable to the RCI with no adjustment (RCI) or simple linear regression using only the initial baseline score as a benchmark. In the second section of the present study, we sought to extend this research to include two follow-up test instances.
The RCI was developed, in part, for measuring the outcome of marital therapy (Jacobson & Truax, 1991) . Hinton-Bayre et al. (1999) first proposed this measure to track change in performance following sports-related concussion and achieved a 79% overall correct classification of impaired individuals using a criteria of at least one cognitive test score having a P value of .05 or less. For the SAC, a mental status exam, Barr and McCrea (2001) reported 85% overall correct classification. The RCI uses the standard error of difference to define a prediction interval for subjects' difference (d score) in performance between baseline and a follow-up test. An individual's d score on a test or index is converted to a z score through the follow-
. This model takes into account test-retest reliability (r x 1 x 2 ) in determining whether a patient's d score differs from chance. The RCI assumes that the retest score should equal the baseline score (the mean d score is zero), as is appropriate for questionnaire-based data used in therapy outcome studies. However, by not considering practice effects, the RCI is less sensitive than it could be. For example, an athlete whose performance is the same on a follow-up test compared to a baseline may actually be impaired. If normal individuals typically improve on a test, the absence of an individual's practice effect may indicate poor memory or learning. Accordingly, Echemendia et al. (1999) concluded that RCIs should only be used in conjunction with consideration of other factors, such as neurophysiological symptoms and clinical judgment.
To account for practice effects, an adjustment to the RCI can be made (Temkin et al., 1999 ). The RCIp, unlike the RCI, assumes that the retest score should equal the baseline score plus the mean practice effect observed in a normative sample. In other words, the average practice effect is subtracted from each d score before substituting it into the RCI formula, above.
The second model, REG, uses multiple linear regression to predict a retest score from a previous baseline score and other significant demographic variables such as age, gender, race, education, and history of prior concussion. A separate equation is developed for each instance of each subtest using a stepwise model selection procedure based on partial correlation coefficients. Because each subtest and factor score is influenced differently by certain variables, prediction equations for retest scores will contain different sets of predictors. For example, a reaction time test at first follow-up may have as significant predictors both the baseline score and education level, but at second follow-up only the baseline score squared. From these derived equations, a predicted postconcussion test score is calculated for each athlete and subtracted from the actual follow-up score. The difference between actual and predicted follow-up scores is divided by the standard deviation of the residuals from the regression model resulting in a z score, quantifying significant change from baseline for that athlete. In the development of the CRI, both the RCIp and REG models were considered.
The first part of the present study considers the initial development of the CRI, its normative properties and reliability. In the second part of the study, the two models of comparing longitudinal data are contrasted and validity data on the CRI in athletes who had a recent sports-related concussion is presented.
Part 1: Development
In this section, we describe the normative group, a factor analysis and index development, reliability, concurrent validity, and confidence intervals for evaluating retest performances with both the RCIp and REG procedures.
Methods

Participants
From October 1999 to June 2000, 414 individuals aged 13 through 35 participated in the normative study: 216 males (52%) and 198 females (48%). Most high school age participants were recruited through a network of Athletic Trainers in a large suburban school system. Adults were recruited from college classes in multiple cities across the eastern US and through newspaper advertisements in New York City. Participants who received remuneration were provided with a fee ranging from US$10 to US$25. Institutions that received remuneration were provided with funds earmarked for continuing education at a rate of approximately US$20/h of administrator time. Roughly equal numbers of participants younger than 18 and older than 18 were recruited to provide normative data suitable for use with both high school and adult age populations. The mean age of the sample was 20.6 years (S.D. = 6.7), and 53% were under the age of 18. Parental consent forms were obtained for all minors. Informed consent was gathered at the time of testing adults. The majority was Caucasian (n = 242, 58%), 12% were African American (n = 51), 6% were Asian American (n = 26), and 4% were Hispanic (n = 18). Six percent identified their ethnicity as "other" and 14% chose not to identify an ethnic group. Participants were screened for history of neurological illness, developmental disorder, any severe mental illness or untreated minor psychiatric disorder, and any motor or sensory impairment that would prevent reliable operation of the computer keys. All participants included in the test norms were supervised during test administration.
Due to modifications in the subtest programs, some participants' scores were eliminated for certain subtests only. For example, a difficulty was noted on Animal Decoding on some keyboards with a keylock feature that tended to repeat responses when the key was held down for too long. Scores on Animal Decoding were eliminated for participants who took this subtest before the implementation of the program change to fix the keylock problem.
The CRI was administered at two time intervals. Following a baseline test, retests occurred at 14 days, and at 15-16 days postbaseline. The first test-retest interval was chosen as an analog of a preseason baseline test followed by a postinjury follow-up at a later time. The second retest interval was chosen to serve as an analog of being retested within 48 h of a previous administration. Of the 414 participants who provided baseline data, 175 took a second test 14 days following their baseline score. Of those, 117 took a third test within 48 h of their second test (15-16 days postbaseline). Statistical analyses revealed no nonresponse bias on baseline performances for individuals who did not subsequently receive second and/or third test administrations.
To establish concurrent validity with existing neuropsychological measures, a subset of the normative sample was administered a short battery of neuropsychological tests by experienced neuropsychologists or doctoral students trained in test administration.
Measures
The CRI consists of six cognitive subtests: Reaction Time, Cued Reaction Time, Visual Recognition 1, Visual Recognition 2, Animal Decoding, and Symbol Scanning. The stimuli are presented on a web-connected laptop or desktop computer. At baseline, the subtests are preceded by a short questionnaire gathering demographic information, concussion history, and other pertinent medical information, which may be useful in return-to-play decision-making. Following a trauma, the subtests are preceded by questions assessing the presence and intensity of neurophysiological symptoms including vomiting, headache, dizziness, nausea, fatigue, weakness, sleep problems, concentration difficulties, memory problems, irritability, depression, nervousness, photophobia, diplopia, and sensory abnormalities.
1. The Reaction Time subtest presents a series of geometric shapes on the screen. Individuals are instructed to press the spacebar as quickly as possible upon seeing a white circle. Stimuli are presented at a rate of one image per 2250 ms. There are a total of 5 target stimuli and 20 nontarget stimuli. Scoring reflects reaction time and false-positive and -negative errors. 2. The Cued Reaction Time subtest also presents a series of geometric shapes on the screen.
Individuals are instructed to press the spacebar as quickly as possible upon seeing a white circle that immediately follows a black square. Stimuli are presented at a rate of one image per 2250 ms. There are a total of 10 target stimuli and 60 nontarget stimuli. Scoring reflects reaction time and false-positive and -negative errors. 3. The Animal Decoding subtest presents a key pairing animals with numbers at the top of the screen. Animals are subsequently presented with empty boxes beneath. Based on the legend, individuals must enter the appropriate number into each empty box as quickly as possible using the number keys. This test continues for 90 s. Scoring is based on the number of correct responses. Six alternate forms are available. 4. The Visual Recognition 1 subtest presents a series of 60 pictures on the screen at a rate of 3 s each. Individuals are instructed to press the spacebar upon seeing a picture for a second time. Twenty items are repeated. Scoring reflects reaction latency and false-positive and -negative errors. One alternate form is available. 5. The Visual Recognition 2 subtest presents a series of 60 pictures at a rate of 3 s each.
Twenty items are reproduced from Visual Recognition 1. Individuals are instructed to press the spacebar upon recognizing a picture from Visual Recognition 1. Scoring reflects reaction latency and false-positive and -negative errors. One alternate form is available. 6. The Symbol Scanning subtest presents a pair of shapes on the left side of the screen.
Eight shapes appear on the right. Individuals must indicate whether one or both of the shapes on the left appear among those on the right, and respond by pressing the number 1 or number 2 key. The test consists of 30 sets of items. Scoring is based on speed of responding in seconds. Six alternate forms are available.
Concurrent validation tests
The concurrent validation test battery included tests typically used in assessment of sportsrelated concussion: Wechsler Adult Intelligence Scale-III subtests DSp, Digit Symbol (DS), Symbol Search (SS); SDMT, TMT-A, and TMT-B; Lafayette Grooved Pegboard TestDominant (GPD) and -Nondominant (GPN) hands; STP-C and STP-W.
Procedure
Institutional Review Board approval was obtained at educational institutions as required. Participants were tested individually and in groups by a trained administrator. High school students were tested in supervised groups in computer labs. Adult age participants were assessed individually in professional offices. This strategy was implemented as a precaution against differences being detected between normative data derived from group versus individual testing. Data for both age groups, as well as pooled data, are presented below. Demographic, medical, and sports-playing history information was gathered by a standardized, computer-based questionnaire at the onset of testing. Participants were logged into the testing protocol and proceeded with administration using instructions provided on the screen. Administrators were available for assistance if participants required further clarification of instructions. Participants' responses were recorded on a web server and then exported into SAS (SAS Institute, Version 8, Cary, NC, 1999) for analysis.
Results
Factor analysis
An exploratory factor analysis was conducted on baseline normative data to determine the underlying cognitive processes measured by the six CRI subtests (Table 1) . Four general factors emerged: a simple reaction time component, a processing speed component, a frequent error component, and an infrequent error component. Although both orthogonal and oblique rotations were used with approximately the same results, the oblique rotation was preferred as it was expected that the underlying cognitive processes would share error variance. This was borne out as each resulting factor related to speed or speed-related accuracy of responding (i.e., efficiency).
Both SRT and CRT components were identified through the factor with the highest eigenvalue (λ = 4.12). Four of six of the speeded subtests on the CRI loaded on this one factor. An SRT component was identified through high loadings of latency scores for the Reaction Time and Cued Reaction Time subtests, which were .82 and .86, respectively. This factor was interpreted as a measure of SRT because relatively little processing or decision-making was involved in a response. As a result, the SRT Index averaged results from both these subtests: (Reaction Time latency + Cued Reaction Time latency)/2. A CRT component was identified through high loadings of latency scores for the Visual Recognition 1 and 2 subtests, which were .85 and .79, respectively. This factor was interpreted as a measure of CRT since the response required a decision based on visual recognition processes. As a result, the following formula was derived for a CRT Index: (Visual Recognition 1 latency + Visual Recognition 2 latency)/2. A processing speed component was identified through the factor with the fourth highest eigenvalue (λ = 1.19) and was made up of the Animal Decoding and Symbol Scanning subtests. The loadings for these two subtests were .53 and .69, respectively, and they were combined into a PS Index using the following formula: ((90 s/Animal Decoding correct) + Symbol Scanning latency))/2. These two subtests were combined since both tasks required the combination of psychomotor speed, learning, and working memory.
Two error indices were derived from the second and third factors, with eigenvalues of 1.98 and 1.27, respectively. For clarity of clinical test interpretation, these factors-frequent and infrequent errors-were formulated to mirror the SRT and CRT by combining errors on the Reaction Time and Cued Reaction Time subtests, and the Visual Recognition 1 and 2 subtests, respectively. In this way, athletes attempting to defeat a given test by making fast but incorrect responses would be identified and their errors attributed to the corresponding index as illustrated in Figure 1 . Table 2 shows the correlations among CRI subtests and the derived speed indices. The CRI indices were significantly intercorrelated, which was not unexpected given that all measure the speed of a motor response. The correlation between PS and SRT was .37, between PS and CRT, .43, and between SRT and CRT, .63. These correlations also lend support to the decision to record SRT and CRT separately.
Normative data
Normative data for the CRI subtests and three speed indices for the three test occasions are presented in Tables 3-5 . No significant differences were identified between high school and adult groups for the CRI speed indices. Statistics reported in Tables 4 and 5 are change scores for the second and third tests relative to the first test administration. All significant practice (Cohen, 1988) . b Moderately large effect size (Cohen, 1988) . c Large effect size (Cohen, 1988) . effects for indices are noted. For the Error indices, cutoff scores are based on the frequencies of additional errors occurring in the normative sample upon retest. Cutoffs are reported for values found in less than 15% and less than 5% of the normative sample, indicating possible and abnormal decreases, respectively. For the purpose of interpreting errors in terms of the SRT Index, the error change scores were summed across the SRT and CRT subtests and found Scores in brackets represent cutoff scores for 15th and 5th percentiles, respectively. Increases in time, errors, and accuracy indicate relatively worse performance. * Change scores are significantly different from "0" at P < .01.
to be 1 and 4 additional errors for the 15th and 5th percentiles, respectively. For the purpose of interpreting errors in terms of the CRT Index, the error change scores were summed across the Visual Recognition 1 and 2 subtests and found to be 7 and 14 additional errors for the 15th and 5th percentiles, respectively. Scores in brackets represent cutoff scores for 15th and 5th percentiles, respectively. Increases in time, errors, and accuracy indicate relatively worse performance. * Change scores are significantly different from "0" at P < .01.
Reliability
Test-retest reliabilities for a 2-week interval were .82 for PS, .70 for SRT, and .68 for CRT, and were approximately equal across age groups with a trend of lower reliability scores in the sample under 18 years of age. A significant increase in performance speed from first to second test instance was identified for PS [t(108) = 5.70, P < .01]. No significant change was identified for SRT or CRT [t(174) = 0.78, P = .78 for SRT; t(171) = −0.14, P = .44 for CRT]. Spearman-Brown corrected split-half reliabilities were calculated for the SRT and CRT, and found to be .72 and .93 at baseline, .78 and .90 at first follow-up, and .78 and .92 at second follow-up. Split-half reliabilities were not appropriate for the PS given the nature of the responses.
Concurrent validity
Correlations between components of the CRI and other neuropsychological measures were highest for tests that measured, unsurprisingly, constructs similar to those measured by the CRI (see Table 6 ). The Grooved Pegboard test correlated strongly with almost all timed CRI measures. This effect illustrated the relationship between standard measures of psychomotor speed and the measurement capability of response speed using a computerized protocol. Measures of PS, a cognitive process related to psychomotor speed, also showed significant correlations with CRI factors. The PS Index had the highest correlations with the neuropsychological instruments designed to measure this construct: SDMT, GPD, SS, GPN, and STP-C-W in order of magnitude. The SRT had the strongest associations with GPN, TMT-A, DS, and GPD, in order of magnitude. The CRT had the strongest associations with GPN, GPD, TMT-A, DSp, and SDMT. In general, the three CRIs showed divergent validity for measures of attention (DSp) and, in keeping with the visual nature of the stimuli, reading speed (STP). As psychomotor and processing speeds are cognitive factors that are sensitive to the effects of mild concussion, these findings suggest the CRI is sensitive to the effects of mild sports-related head trauma. 
Statistical models for assessing significant change scores
Two statistical models for assessing changes in scores from baseline to postinjury follow-up, the RCIp and REG, were compared for each of the three speeded indices: SRT, CRT, and PS. Each model produced a standardized z score making results comparable across methods. Table 7 lists 90% confidence intervals for the RCIp and REG models for Test 1-Test 2 and Test 1-Test 3 intervals. Table 8 lists the intercepts, model coefficients, and standard deviation of the residuals for each of the REG models, calculated from the normative sample for the CRI. The models were constructed using speeded test scores coded as negative values. For example, a slower speededtest score would appear as a larger negative number.
To explore the effect of regression to the mean, the normative data were split into thirds according to baseline performance, and change scores were compared between the upper and lower thirds of the sample. Examining the PS Index, which had a significant increase from baseline to first follow-up of 0.17 s on average, low scorers on baseline had a mean improvement of 0.35 s while high scorers improved only 0.03 s [t(49) = 5.64, P < .01]. A similar effect was noted on the SRT, where low scorers on baseline improved by 0.02 s and high scorers worsened by 0.01 s [t(68) = 2.53, P = .01]. On the CRT, low scorers improved by 0.03 s and high scorers worsened by 0.02 s [t(95) = 2.46, P = .02]. Lowscorers on baseline did not differ from high scorers on age, gender, or high school/college enrollment.
Part 2: Validation
In the second study, the CRI was administered to a number of athletes at the beginning of the sports season. Twenty-six resultant sports-related concussion cases provided data for validation of the CRI. With respect to comparing the RCIp and REG models, we examined the sensitivity of the CRI to detect cognitive changes following concussion, effect sizes, the agreement between cognitive and neurophysiological symptoms, and correlations of CRI subtests with concussion severity ratings.
Methods
Participants
In an initial field trial, 823 athletes at a number of professional, college, and high school venues completed baseline evaluations. Informed consent was obtained from all athletes and parental permission was obtained for all high school students under 18 years of age. Twenty-six athletes who subsequently experienced a concussion during the 2000-2001 school year were included in this study. Out of these 17 males (65%) and 9 females (35%), 11 were injured playing football, 6 during soccer, 3 while wrestling, 2 during field hockey, 1 during ice hockey, 1 during basketball, 1 while kickboxing, and 1 while ballroom dancing. The mean age of these injured athletes was 18.7, ranging from 16 to 21. Using the Cantu grading scale (Cantu, 1991) as a measure of severity, 12 were classified as Grade I (mild) concussions, 6 were Grade II (moderate), and 8 were Grade III (severe) concussions. Five of these injuries entailed loss of consciousness, with no duration exceeding 60 s. Duration of confusion and disorientation was longer than 1 h in two cases, between 5 and 60 min for nine cases, between 1 and 5 min for six cases, less than 1 min for five cases, and four cases reported neither confusion nor disorientation. Twenty (77%) of the athletes had a history of prior concussion.
Procedure
Baseline assessments were generally group-administered in computer labs on web-enabled, desktop computers. Following a concussion, these athletes were administered follow-up tests according to clinical judgment of the psychologist, athletic trainer, or team physician in charge of their care, typically at 1-to 2-day intervals. Of the 26 injured athletes, 18 were administered a second follow-up evaluation. Mean time to initial follow-up was 1.96 days (S.D. = 1.5) and 6.15 to second follow-up (S.D. = 4.0). Preceding each follow-up test, questions assessing the presence and intensity of neurophysiological symptoms were asked.
Data analysis
Standardized z scores for each method described above (RCIp and REG) were subsequently classified as impaired if equal to or below −1.645 (5th percentile), borderline if between −1.645 and −1.036 (5th to 15th percentile), and normal if greater than −1.036 (greater than 15th percentile). For the two Error indices, SRT Errors and CRT Errors, cutoffs for increases in errors compared to baseline scores were used for the 5th and 15th percentiles.
Results
At both first and second follow-up, no significant differences were found when comparing proportions of cases classified as borderline or impaired versus normal using the REG or RCIp models (McNemar's test at first follow-up, S = 0.0, P = 1.0; McNemar's test at second follow-up, S = 1.0, P = .32). At first follow-up, on the CRT Index there was 100% concordance between RCIp and REG. However, on the SRT Index the RCIp model identified two more cases than the REG model as positive for an effect of the concussion (92% concordance rate). On the PS Index, RCIp identified one more positive case than REG. Although, when the same cases were classified using the REG method, two more positive cases were identified, resulting in a net difference of one case (88% concordance rate). At second follow-up, an 88% concordance rate was observed for each method. Table 9 illustrates the classification of cases by the two methods.
Cases classified with borderline to significant decrements in performance (P ≤ .15) following a TBI were compared across the Cantu scale concussion grades and no significant differences were found [χ 2 (2, 26) = 4.88, P = .087]. However, all eight Cantu Grade 3 (severe) concussions were classified initially as borderline/impaired on at least one CRI cognitive subtest (Table 10) . Table 11 compares presence of self-reported symptoms with borderline/impaired cognitive test findings on any of the five CRI speed and error indices. Cases classified with a borderline/impaired decrease in performance (P < .15) using RCIp or REG were not significantly different with respect to presence of neurophysiological symptoms at first trauma follow-up (Fisher's Exact, P = .59 for RCIp; Fisher's Exact, P = 1.0 for REG). No significant difference was found between proportions of cases reporting symptoms when the RCIp and REG methods were compared (McNemar's S = 1.0, P = .32 for no symptoms; McNemar's S = 1.0, P = .32 for any symptoms). However, the differences between the methods resulted in one additional athlete being identified as symptomatic (i.e., self-reported symptoms and/or significant cognitive findings) using REG compared to RCIp. At second follow-up, again, there was no significant difference between presence of symptoms for either RCIp or REG (Fisher's Exact, P = 1.0 for RCIp; Fisher's Exact, P = 1.0 for REG), or between the proportions of cases reporting symptoms between the methods (McNemar's S = 1.0, P = .32 for no symptoms; McNemar's S = 1.0, P = .32 for any symptom).
Discussion
The current study had two goals: (1) to present preliminary evidence of clinical validity for the CRI, a web-based assessment protocol for use in return-to-play decision-making following a sports-related concussion and (2) to identify an optimal statistical model for determining whether an athlete remains symptomatic following sports-related concussion. 
Development
In developing the CRI, we attempted to address a variety of problems associated with assessment of concussion. First, we sought to address practical issues of testing athletes by developing a web-based testing platform that could be administered in group settings such as computer labs by trained administrators. Accordingly, all data included in the study was collected via Internet-connected computers on a central server. Second, we sought to create a brief testing battery, lasting no more than 30 min, that would be sensitive to sports-related concussion. The battery would use alternate forms-when required-to control for practice effects associated with serial follow-up assessments.
A factor analysis using CRI subtest data supported the measurement of at least two factors related to psychomotor speed and two factors related to error responses: Reaction Time, Processing Speed, Frequent Errors on speeded subtests, and Infrequent Errors on speeded subtests. From these factors, indices were derived for the CRI that were expected to be sensitive to the effects of sports-related concussion. The PS Index was derived from speed of responding on the Animal Decoding and Symbol Scanning subtests, which had loaded exclusively onto the same factor. Four speeded subtests loaded together onto one Reaction Time factor and were divided into two distinct indices. We hypothesized that performances on the Reaction Time and Cued Reaction time subtests required relatively little higher cognition and represented a "pure" measure of sustained attention; these reaction times were averaged to form the SRT. We postulated that the Visual Recognition 1 and 2 subtests required higher cognitive processing in addition to sustained attention; these reaction times were averaged to form the CRT. The rationale for separate SRT and CRT indices also rested on the fact that mean reaction time scores on the CRT were twice as long as on the SRT, and only a moderate (.63) intercorrelation existed between them. Furthermore, other researchers have found that concussions have heterogeneous symptom patterns and such patterns may vary over time (e.g., Echemendia et al., 2001) . Similar indices were developed for the two factors related to numbers of errors, and were based on the same subtests as the corresponding reaction time indices: SRT Errors Index and CRT Errors Index.
The CRI indices have superior or comparable stability coefficients compared to other neuropsychological measures used to evaluate sports-related concussion, ranging from .68 to .82 for the initial follow-up evaluation. For example, stability coefficients for TMT-A and TMT-B are .43 and .54, respectively, and SDMT (Form C) is .70 (Echemendia et al., 1999) . Similarly, Barr and McCrea (2001) reported test-retest reliability of .55 for the SAC. Internal consistency is also high on CRI measures, as is typical for most neuropsychological tests with low baseline error rates. Because the CRI was designed for use as a repeated assessment measure, these stability coefficients were derived from multiple alternate forms administered in a fixed order.
The CRI indices measured constructs requiring speeded information processing along the lines of traditional paper-and-pencil tests such as SDMT, WAIS-III Processing Index subtests, Grooved Pegboard, and TMT. However, the CRI indices could not be discriminated from one another based on correlations with traditional tests. Importantly, they did show divergent validity with tests of attention and reading speed.
Assessment of change
Based on comparisons between models in the preceding studies, there is substantial evidence that REG is a more appropriate model for assessing longitudinal change than RCIp. Importantly, REG accounts for regression to the mean while RCIp does not. Although practice effects and error are expected to affect scores in a constant direction across administrations, regression to the mean differentially affects change in score depending on a participant's baseline score. For instance, initial high scorers are expected to show decreases on follow-up and initial low scorers are expected to show increases, which may result in an average change score of zero. All speeded indices on the CRI were susceptible to the effects of regression to the mean as shown by significant differences between high-scorers and low-scorers at baseline. Due to the effects of regression to the mean, individuals identified as impaired will differ between the RCIp and the REG models of prediction. For example, by not accounting for regression to the mean, RCIp would predict initial high scorers on the PS will increase by the average change score (0.18 s), when in fact, high scorers typically change only slightly. This effect actually increases the likelihood of false-positives with the RCIp for those who do very well on their baseline test; conversely, false-negatives will be more likely among low or average scorers on baseline. For this reason, the REG model, because it accounts for regression to the mean, would be the superior method.
A review of two cases included in the Validation Study (Part 2) that were classified differently by the models illustrates the advantages of REG over RCIp. At baseline, athlete J took about 2.32 s per item on PS (z = 1.18, 88th percentile). If J had not had a concussion, the RCIp would predict that his score on a test taken 2 weeks later would be 2.15 s (z = 0, 50th percentile), and REG would predict a score of 2.33 s (z = 0, 50th percentile), a slower performance than baseline by 0.01 s. Because there is little improvement in score among those who score high on baseline, the REG model provides the more accurate result. In actuality, J took 2.45 s on his second testing (z RCIP = −1.18, 12th percentile; z REG = −0.52, 30th percentile), which followed a mild, Grade I concussion. Therefore, in all likelihood the RCIp on his PS resulted in a false-positive identification.
A second case illustrates the increased potential for false-negatives with RCIp. Athlete A took 3.03 s per item on his baseline PS (z = −0.049, 48th percentile). The RCIp would predict that his score on a test taken 2 weeks later would be 2.86 s, and REG would predict an even faster score of 2.79 s. This difference occurs because with the RCIp the practice effect has been averaged across the entire sample of high and low scorers. In actuality, low or average scorers show larger changes in performance at a second test administration on PS than the overall sample increase of 0.17 s. Following a Grade II concussion, A actually took an average of 3.10 s per PS item, 0.07 s slower than baseline (z RCIP = −0.94, 17th percentile; z REG = −1.34, 9th percentile), resulting in a false-negative when the RCIp is used.
When 90% confidence intervals for changes in scores were compared between the RCIp and REG methods, the REG method produced narrower intervals in five out of six test situations (Table 7) , indicating a higher sensitivity to change. For instance, at first follow-up, clinical significance for SRT would be obtained if an athlete performed approximately one-tenth of 1 s slower on average compared to a baseline evaluation, representing a decrease of approximately one standard deviation (S.D. = 0.094 ms). Similarly, a significant decrease on the CRT Index would be obtained by performances at least 0.137 ms slower than baseline, which is a decrease of slightly more than one standard deviation (S.D. = 0.123 ms). For the PS, a decrease of 0.395 ms would be statistically significant, which is approximately 70% of a standard deviation (S.D. = 0.56).
These data underscore the importance of computerized assessment for evaluating the effects of mild concussions in sports. According to research by Echemendia et al. (1999) , for an athlete to score significantly worse on TMT-B, a net decrease of approximately 15 s would have to be obtained on a follow-up assessment using the RCI as a measure of change to be significant at the .05 level. This results in an unacceptably wide window for determining significant change, particularly because many sports-related concussions are mild and unlikely to result in dramatic alterations in cognitive functioning.
With regard to sensitivity at first follow-up, the CRI indices were relatively independent in this clinical sample. Based on classifications by the REG model, the CRT was the most consistently sensitive index with athletes performing on average 0.13 s slower (1.6 S.D. res ) following concussion. The SRT was next most sensitive with athletes performing on average 0.07 s slower (1.2 S.D. res ) following concussion. The PS was the least sensitive, yet its sensitivity increased at second follow-up. With regard to sensitivity to severity, all eight athletes classified as sustaining severe (Grade III) concussions were identified as manifesting borderline/significant decreases in cognitive functioning on at least one CRI.
Overall, the two models examined in this study were equally sensitive in detecting change, with 77% (20 of 26) of clinical cases scoring in the borderline/impaired range on at least one CRI at initial follow-up. At a subsequent follow-up, when 18 of the original group were retested, each method classified 50% of these individuals as manifesting ongoing cognitive symptoms.
For return-to-play decisions, high sensitivity is desirable since the consequences of falsenegatives can be catastrophic. In addition, athletes may be motivated to deny subjective symptoms in order to speed return to competition. Using a classification schema that attends to both cognitive and neurophysiological symptoms in the above cases, as recommended by Echemendia et al. (1999) , five athletes in the Validation Study (Part 2) were identified by cognitive testing (REG method) as symptomatic or borderline who would have been classified as asymptomatic by symptom report alone, improving sensitivity from 76 to 96%. At second follow-up, four additional athletes were identified by the CRI, improving sensitivity from 50 to 72% over symptom report alone.
General conclusions
In summary, we found that the CRI was a valid and reliable method of determining changes in psychomotor speed and speed of information processing following sports-related concussion. Multiple regression was found to be the more clinically useful method of determining significant changes in functioning from baseline levels. Moreover, we found a concordance between objective neurocognitive findings, concussion severity, and subjective neurophysiological symptom reports. In keeping with recommendations of Echemendia et al. (1999) , it was clear that assessment of neurophysiological symptoms should remain a vital component of any return-to-play guidelines. Still, the validity of self-report of symptoms for athletes eager to return to competition has been questioned (Landry, 1994) . Objective findings, such as those provided by the CRI, may increase the overall accuracy of the assessment.
Our ongoing research includes using matched controls to better assess false-positive rates, and examining impact severity in order to gain an understanding of its relationship with symptom persistence. Finally, we are collecting normative data at multiple follow-up instances on a wide demographic of individuals to facilitate use of the multiple regression model in a general clinical setting.
